SUMMARY In separate blocks of a simple reaction time (RT) task, eight Parkinsonian and eight control subjects executed finger press sequences with one (index finger), two (index finger-ring) or three (index finger-ring-middle) components. Programming was inferred from the increase latency to intiate the first component as a function of the length of the entire sequence; and from the systematic decrease in inter-response latencies for the second and third components. Overall RT was slower in the Parkinsonians but the programming effects were comparable in the two groups. Intact basal ganglia function appears not to be necessary for programming sequential finger movements, or retrieving subprograms for execution.
The dramatic impairment in motility suffered by patients with Parkinson's disease calls special attention to the role of the basal ganglia in the control of movement. Among the symptoms of Parkinsonism, however, the slowness in initiating movement, as measured by an increase in reaction time (RT) to begin, remains poorly understood. Angel et al demonstrated that the increased latency for initiating responses (RT) could not be attributed solely to weakness, rigidity or more peripheral, mechanical limitations, and argued for a disorder at "the highest levels"' of motor control. The current investigation explores the hypothesis that the basal ganglia functions in the programming of movements prior to their initiation.
The concept of a motor program2 derives from the observation that complex sequences of learned movements can be executed at a rate too fast to be guided by sensory feedback, or for the individual components to be each under conscious control. Studies showing that Parkinsonians can generate a voluntary motor set in response to precues,3 and can employ a predictive motor strategy in visuomotor pursuit45
indicate that an intact basal ganglia is not necessary programs themselves may be learned and stored elsewhere in the brain, and perhaps are assembled into a coherent plan in the premotor and frontal areas. But the initiation and automatic execution of the sequence of motor programs required to complete the motor plan of a complex motor act may depend upon the basal ganglia". If Marsden's hypothesis is correct, the Parkinsonian's difficulty lies not in the use of information to prepare movement sequences, or to assemble the necessary motor programs, but rather at a later execution stage of motor programming which can only begin after the signal to begin the movement. This execution phase of motor programming has been studied in normal subjects in simple reaction time experiments demonstrating that the time to initiate the first component of a motor sequence (either spoken or typewritten) increases linearly as a function of the length of the entire sequence to be produced.7 One model of motor programming advanced by Sternberg et al7 to explain these results is that the abstract representation of a motor program for a learned sequence can, given a signal to "get ready", be assembled and loaded into a motor "buffer". This preparation stage, however, can be superseded by the execution phase 1268 only after the signal to begin the movement, at which time the motor program must be read out from its buffer to specify the spatio-temporal sequence for activation of individual muscles. As Each trial began, after an intertrial interval of 2000 ms, with the appearance of a large unfilled square in the centre of the display. One second later a 50 ms tone sounded to further alert the subject followed, 500 ms later, by the appearance of a large X in the centre of the box which was the "Go" signal to begin the movement sequence. In this simple RT task, the response to be made was the same for every trial in a block. Thus, subjects had information of the movement to be made which allowed them to fully prepare the sequence before the "Go" signal. In a given block the required response was one of three possible responses: (1) Each sequence was performed with each hand before proceeding to the next sequence. Half the subjects in each group began with the right hand, and half with the left. The order of sequence length and hand was randomised across successive subjects.
Light pressure on any of the response keys activated a microswitch which recorded RT. RT for the initial movement was measured from the appearance of the "Go" signal to key press with the index finger. Inter-response latencies were also measured for the time between the index and ring finger, and between the ring and middle finger responses. Feedback was given after each trial: a high pitched tone for a correct response; a low pitched tone if the sequence were incorrect or if, for any reason, the correct response was not executed within 3000ms of the "Go" signal. Only RT data from trials with correct responses were analysed. The regular and predictable sequence of each trial, with the visual (box) "get ready" signal followed by an auditory "get set" signal, followed by the imperative signal to "Go" occurred with the same intervals on every trial and there were no catch trials. This was done to encourage both maximum preparation and speed of performance in order to encourage programming of the sequences. To minimise the degree to which anticipatory responses could affect outcome, subjects were carefully observed for responses which occurred before the "Go" signal; and when these were observed, subjects were cautioned not to "jump the gun". Moreover, RT responses of less than lOOms were excluded from analysis.
Results
The error rates in the Parkinsonians (7'2%) and controls (9 9%) were not different (F [1,14] = 1-2, p = NS). From observation of subjects during practice, it was evident that Parkinsonians initially found the longer sequences more difficult; they found learning the sequence more laborious, and required more practice to master each sequence. The control subjects were given just as many trials as the Parkinsonians, however, and RT data was collected only after each subject was able to execute the sequence comfortably. Thus the RT 
Discussion
The plight of the patient with Parkinson's disease calls special attention to the role of the basal ganglia in transducing the will to move into effective action. Among the cardinal symptoms of the disease, akinesia has been emphasised as being "the primary symptom of all basal ganglionic human syndromes".8 Rigidity and tremor are important symptoms of Parkinsonism, but reflect the function of other components of the motor system released from inhibition of the basal ganglia; whereas akinesia and bradykinesia reflect the chief function of the basal ganglia, viz the facilitation of movement.6 Bradykinesia refers to slowness in execution of movements which have been initiated, and may be measured as a prolongation of movement time (MT). Electromyographic studies have indicated that it reflects a deficiency in energising muscles selected for action with sufficient force.9 However, Parkinsonians are also slow to initiate movements, resulting in an increase in reaction time (RT). This slowness in movement initiation seems closely related to akinesia, the impoverishment of spontaneous movement initiation. The clinical observation that akinesia and bradykinesia can be poorly correlated,'0 and the experimental finding that RT and MT can be dissociated both within and across patients"' suggest that the pathophysiological basis for slowness in movement initiation (RT) may be distinct from that which causes slowness of movement execution (MT).
The slowness in initiating movement, which is the focus of the current investigation, is of special interest since it suggests that the basal ganglia may be involved in the programming of movements, or facilitating the implementation of these programs. Keele2 applied the term motor "program" to "a set of muscle commands that are structured before a movement sequence begins". Such programs may be assembled voluntarily, based upon an abstract representation of the desired goal of the action. The existence of these Rafal, Inhoff, Friedman, Bernstein abstract representations, which have been referred to as motor "plans",6 or "'schemas"'8 has been inferred, for example, from the invariant appearance of one's signature, even when it is produced by entirely different motor programs: whether scribed by pen, with finger and hand muscles, or produced in broad strokes on a chalk board using an entirely different set of proximal muscles, the results are distinctly similar. The Parkinsonian's signature, although micrographic and effortfully produced, retains its identifiable premorbid morphology. Parkinsonians know what they want to do, and are able to voluntarily perform, albeit slowly, complex movements on command in the correct sequence and direction, and with proper relative timing.12
The difficulty of the Parkinsonian does not then derive from an inability to execute movements under conscious control; but rather from an obligation to do so. Every action requires effortfull concentration. Schwab called attention to the lack of automaticity in Parkinsonian performance which requires them to do one thing at a time.'3 14 If the motor plan is intact in Parkinson's disease, is it the motor program which is disrupted? The clinical phenomenon of kinesia paradoxica suggests that this is not the case: the otherwise frozen individual may, exceptionally, move briskly to catch an object unexpectedly thrown at him; or leap from his invalid bed to flee a fire. It seems, rather, that the motor program is alive and well, but somehow trapped in the Parkinsonian nervous system, inaccessible to conscious activation by the motor plan. One possibility is that the basal ganglia provide a mechanism by which the motor plan is transduced to initiate the automatic neural processes which "run"6 the motor program.
The experiment reported here was contrived to probe for deficits in motor programming or execution at several stages. If Parkinsonians are not able to use information of a sequence to be executed, and are therefore obliged to initiate each component of the sequence as a separate movement, then we should not have expected the length of the sequence to have influenced the time required to begin the initial component with the index finger. The index finger response would have been made without regard to the requirements of subsequent components, and its latency would not have increased as a function of the length of the entire sequence. Since a length effect was present, our Parkinsonian subjects clearly used prior information in preparing their simple RT responses.
Therefore, normal basal ganglia function does not appear to be required for preparing this kind of motor program, or loading it into a motor buffer. According to the model of Stemnberg etal,7 the magnitude of the length effect (that is, the amount by which initial RT increases for each additional component in the Programming and execution of sequential movements in Parkinson's disease sequence) serves as an index of the time required to search or read the motor buffer. We speculated that the basal ganglia might be involved in this phase of running prepared motor programs. However, the length effect in our Parkinsonian subjects was the same size as in the control subjects, indicating that basal ganglia dysfunction does not slow the speed of searching the motor buffer. Finally, analysis of the inter-response latencies revealed that programming benefited Parkinsonians as much as controls in facilitating the execution of non-initial movements with the ring and middle finger.
In summary then, we found that Parkinsonians were slower than control subjects in initiating and executing sequential finger movements under simple RT conditions. We found no evidence, however, that this slowing was caused by an inability to use advance information in preparing motor programs, or to retrieve subprograms for execution. Whether the sequence length effect is construed as an increase in time required to search a motor buffer,7 or as the increase time required to traverse nodes between different levels of an hierarchically organised motor program, '9 Parkinsonians are unimpaired in this phase of running motor programs.
According to the model of Sternberg etal,7 each unit of action within a sequence requires a search of the buffer for its subprogram. Our finding of a sequence length effect for non-initial movements is consistent with that model. The Sternberg et al model also specifies that the retrieval of each subprogram is followed by a "command" stage which is not related to the length of the sequence. Our finding that Parkinsonians were slower than controls, and slowed to the same extent for each movement in the sequence regardless of length, is consistent with the possibility that basal ganglia dysfunction slows the command stage of subprogram execution. However, this experiment was not designed to investigate this command stage per se, and does not provide any direct support for that component of the Sternberg et al model, nor for the possibility that this component is abnormal in Parkinson's disease.
Our interpretation of this experiment does assume that the sequence length effect, and the facilitation of non-initial movements compared with initial RT, do reflect motor programming. Control experiments by Sternberg et al permitted them to reject several other possible explanations for the sequence length effect, including those contingent upon short term memory capacity, readiness, or response competition.7 We should note, however, that the sequence length effect manifest in our experiment (ca 60 ms per item), is considerably larger than that found by Sternberg et al for either speech or for typewriting (ca 8-15 ms per item). We have no clear explanation for this quantitative difference in our results, and must consider whether we may not, in fact, have been measuring only motor programming effects. We have recently completed a study in which patients with cerebellar lesions were tested in the same experiment as our Parkinsonians (Inhoff, Diener and Rafal, in preparation). Cerebellar patients did manifest a deficit in the sequence length effect and in the position effect, and the severity of these deficits was related to the severity of clinical motor disability. We can, therefore, be more confident that our experiment is sensitive for measuring some aspect of motor programming and execution which requires intact cerebellar, but not basal ganglia, function.
Other studies seeking evidence for a role of the basal ganglia in motor programming have also examined whether Parkinsonians are able to use advance information to facilitate their motor performance. Initially, Parkinsonian impairment in pursuit tracking was interpreted to suggest an inability to adapt a "predictive strategy", and to implicate a deficiency in the generation of or access to an "internal representation" of the motor program.15 16 Recent studies which have directly addressed this hypothesis, however, demonstrated that deficient pursuit tracking in Parkinsonians was not attributable to any failure in employing a predictive strategy.4 5 Another strategy for investigating whether Parkinsonians can prepare a motor program has been to provide subjects with precues instructing the preparation of a specific movement, and measuring the effects of this advance information on performance. Such studies have shown that Parkinsonians do show a facilitation of performance from such information, but several differ on whether they do so to a normal degree. Evarts etal" measured latency for Parkinsonians to initiate an arm movement (flex or extend) after a visual signal both under simple RT In a study of motor precuing in normal subjects, Rosenbaum17 showed that selection of the limb to be used, the direction of the movement, and the distance to be moved were programmed separately as distinct features of the motor program. It is certainly possible that the basal ganglia contribute to programming limb selection or of force, but not direction (studied in our previous investigation),3 or selection of finger movements in one limb (studied in the current report). Both the precuing method, and the approach used in the current experiment, may be helpful in understanding the role of the basal ganglia in motor programming. We must now begin to isolate selected components of the motor program for independent examination.
Since this paper was accepted for publication, Stelmach, Worringham and Strand have published results of an experiment which systematically investigated the use of advance information in precuing of limb selection, direction and amplitude, using the Rosenbaum method (Brain 1986;109: 1179-94). They found no deficit in the utilisation of advance information in any of these tasks. They have also conducted an experiment similar to that reported here in which they measured the sequence length effect for sequences of serial taps with just the index finger. In this task they did find evidence for a programming deficit in Parkinsonians, that is, their Parkinsonian subjects did not have a sequence length effect, whereas their control subjects did (Inter- national Journal of Neuroscience, in press). Thus, although motor programming deficits do not seem to account completely for slowing of RT found in Parkinsonians, they may have deficits in programming certain types of movements, such as repetative sequences.
